In this paper titanate nanofibers (TiNFs) decorated carbon ionic liquid electrode (CILE) was fabricated for study on direct electrochemistry of hemoglobin (Hb). Electrocatalysis of this electrochemical protein sensor (Nafion/Hb/TiNFs/CILE) to different substrates was investigated in detail. Spectral analysis proved that Hb remained its biostructure after mixed with TiNFs. Electrochemical experiments indicated that direct electron transfer of Hb was accelerated on TiNFs/CILE with a couple of well-defined redox responses. Electrochemical kinetics were checked with electrochemical parameters calculated. Under the optimized experimental conditions, this biosensor displayed superiority electrocatalytic activity to the reductions of hydrogen peroxide, sodium nitrite and trichloroacetic acid. Real sample was detected by this Hb and TiNFs based sensor with the satisfactory results obtained. Therefore TiNFs exhibited the remarkable potential in the application of bioelectrocatalysis.
INTRODUCTION
One-dimensional (1D) nanostructures including nanotubes, nanofibers, nanowires or nanorods have been studied extensively due to their remarkable electronic, optical, catalytic properties [1, 2] . Among them nanosized titanate have drawn increasing attentions recently [3] . As one of the important inorganic semiconductor nanomaterials, titanate nanofibers (TiNFs) have found widespread applications in photocatalysis, sensors and photovoltaic cells [4] . For example, Imran et al. prepared CdTiO3 nanofibers by electrospinning and applied to humidity sensing analysis [5] . Wang et al. applied an electrospun BaTiO3 nanofibers for fabrication of DC humidity sensing device [6] . He et al. proposed an impedance humidity sensor with electrospun BaTiO3 nanofibers [7] . Yang et al. synthesized H2Ti3O7 nanotubes by one-step hydrothermal processing and uesd for electrochemical detection of lactic acid [8] . Wang et al applied a lead-free BaTiO3 nanofibers to construct a flexible piezoelectric device [9] . Liu et al. prepared a H2Ti3O7 nanotube film as support matrix for myoglobin immobilization and used as the third-generation sensor for the electrocatalytic detection of hydrogen peroxide [10] . Therefore, titanate nanofibers (TiNFs) have proved to be an attractive matrix to devise functionalized sensors. Since H2Ti3O7 has a functional hydroxyl group, which can provide the aqueous-like environment on the hydrophilic TiNFs interfaces to stabilize the immobilization of redox enzymes, which is used for the design of biosensing platform [3, 10] .
Redox enzymes/proteins are defined as the multi-component enzymes with several subunits and redox active cofactor heme, which provide the site to react with the substrates [11] . However, owing to the burying of the redox active sites of enzymes in the protein structure, electron transfer from enzymes to electrode surfaces is comparatively not fast. Therefore, the problem in bioelectrochemistry is to find the interface for faster electron communication [12, 13] . The application of a conductive matrix for enzyme, or encapsulation of the enzyme inside a conductor, is usually resulted in greater enhancement of bioelectrocatalysis, which exhibit an improved electron transfer ability with increased selectivity, stability and sensitivity [14, 15] .
In this paper, TiNFs was used as the modifier covered on electrode surface, which had specific affinity interactions with hemoglobin (Hb) for the further electrocatalysis reactions. The electrochemical behaviors of Hb were checked with the influence factors including buffer pH and scan rate were discussed. Moreover, different substrates including hydrogen peroxide (H2O2), sodium nitrite (NaNO2) and trichloroacetic acid (TCA) were catalyzed by the prepared biosensor (Nafion/Hb/TiNFs/CILE) with the real sample detected. Scheme 1 gave the construction and electrocatalysis procedure of the working electrode. Scheme 1. Construction process of Nafion/Hb/TiNFs/CILE and its electrocatalysis
EXPERIMENTAL

Chemicals
Graphite powder (Shanghai Colloid Chem. Co.), N-hexylpyridinium hexafluorophosphate (HPPF6, Lanzhou Yulu Fine Chem. Co.), TiNFs (Nanjing XFNANO Technology Co.), Hb (MW. 64500, Sinopharm Chem. Reagent Co.) were used directly. Phosphate buffer solution (PBS, 0.1 mol/L) was used as the supporting electrolyte to monitor the acidity and ultrapure water (Milli-Q, USA) was used throughout in this experiment.
Instruments
Scanning electron microscopy (SEM) was recorded with JSM-7100F instrument at 5 kV (JEOL, Japan) with transmission electron microscopy (TEM) on a JEM2010F transmission electron microscope (JEOL, Japan). X-ray diffraction (XRD) experiment was conducted on a D/Max-2500V Xray diffractometer (Rigaku, Japan) with Cu-Kα radiation (λ = 1.54178 Å). Spectrum experiments were operated by FT-IR spectrophotometer (Thermo Fisher Scientific, USA) and TU-1901 double-beam UV-visible spectrophotometer (Beijing General Instrument, China). Electrochemical investigations were tested by CHI 660D electrochemical workstation (Shanghai CH Instrument, China).
Construction of electrochemical biosensor
CILE was home-made with glassy electrode tubes (Φ = 4.0 mm) based on the report [16] and used as the basic electrode. Then 8.0 μL 0.5 mg/mL TiNFs dispersion, 8.0 μL 15.0 mg/mL Hb solution and 6.0 μL 0.5% Nafion were pipetted on CILE surface, in sequence. After dried at room temperature in air the Hb-based electrochemical biosensor (Nafion/Hb/TiNFs/CILE) could be obtained.
RESULTS AND DISCUSSION
Characterization
TiNFs was characterized by SEM with enlarged morphology present in Fig. 1 (A and B) . As could be seen, TiNFs interconnected with each other to form a network structure with abundant porosity, and the rough surface of fiber provided abundant defects, which was beneficial for the further loading. TEM was also used to observe the structure of TiNFs (Fig. 1C) , which concluded that TiNFs exhibited a one-dimensional fibrous structure, and a higher length/diameter aspect ratio with the fiber diameter measured as 100 nm. Moreover, an interlayer distance of about 0.8 nm was calculated for TiNFs by a HRTEM image (Fig. 1D) .
XRD result of TiNFs was shown in Fig. 1E with the diffraction peak observed at 2θ = 10.6°, which was attributed to the (200) reflection plane that derived from the existence of titanate layered structure [17] . In FT-IR (Fig. 1F) , the strong band at 3400 cm -1 (owing to the O-H stretching vibration) and the band at 1630 cm -1 (owing to the H-O-H bending vibration) were clearly observed, indicating adsorbed water could be identified in TiNFs [18] .
Figure 1. SEM (A, B), TEM (C), HRTEM (D), XRD (E) and FT-IR spectrum (F) of TiNFs
The Soret absorption band of UV-Vis absorption spectroscopy reflect the structure information of Hb with the conformation of the region around the heme prosthetic group obtained. Once the molecular structure of Hb is denatured or changed, Soret absorption band will migrate or disappear. As shown in Fig. 2A , the Soret absorption band of Hb solution was present at 405.26 nm (curve a) with Hb-TiNFs mixture at 405.58 nm (curve b), proving that Hb still maintained its original biostructure without inactivation after mixed with TiNFs. FT-IR spectroscopy is also a common method for the checking of structure information. The shapes and intensities of amide I and amide II can change or diminish due to the denaturation of Hb molecule. Fig. 2B 
Electrochemical investigations
EIS can reflect the changes of electron transfer resistance (Ret) during the process of interface modification and the Ret value could be obtained by evaluating the diameter of semicircular. As shown in Fig. 3A , Nafion/CILE (curve b) gave the Ret as 112.72 Ω. With the further immobilization of Hb, Nafion/Hb/CILE (curve c) exhibited the largest Ret of 142.27 Ω with non-conductive Nafion and Hb, which severely prevented the electron transfer at the electrode surface. However, Nafion/Hb/TiNFs/CILE (curve b) gave the Ret as 34.89 Ω, which should be owe to the modification of TiNFs decreased the interface resistance. Furthermore, the effective area (A) of TiNFs/CILE was tested by CV in 1.0 mmol/L K3[Fe(CN)6] and 0.5 mol/L KCl mixture. Based on Randles-Sevcik equation [19] , the effective area (A) was measured as 0.166 cm 2 , which was larger than CILE (0.144 cm 2 ) [20] . Therefore the presence of TiNFs can form large specific surface area that was favorable for large amount of Hb immobilization, and form better communication from the metalloprotein redox center to the transduction interface. Electrochemical behaviors of Hb modified electrodes were recorded in pH 3.0 PBS with curves shown in Fig. 3B . As expected, no redox peaks were found on Nafion/TiNFs/CILE (curve c) and Nafion/CILE (curve d) due to the lack of electroactive element. The increased background current was ascribed to the modification of TiNFs on the electrode with large capacitance. On Nafion/Hb/CILE (curve b) a couple of redox peaks with poor reversibility appeared and a couple of symmetrically quasi-reversible redox peaks was found on Nafion/Hb/TiNF/CILE (curve a) with enhanced electrical signal, which was due to the presence of TiNFs stabilized the Hb, and established the electron communication between heme and electrode interface. The comparison of electrochemical data of these two Hb-based modified electrodes were shown in Table 1 , indicating the direct electrochemical behavior of Hb was fasten. The effect of scan rate on electrochemical responses of Nafion/Hb/TiNFs/CILE was discussed with cyclic voltammograms presented in Fig. 3C . The redox peak currents increased with scan rate as well as the peak-to-peak potential increased. There was linear relationships between Ipc and Ipa with scan rate from 0.04 to 0.95 V/s, and the regression equations were Ipc (μA) = -152.96·ʋ (V/s) + 8.96 (n = 13, γ = 0.996) and Ipa (μA) = -105.62·ʋ (V/s) -4.20 (n = 13, γ = 0.994), which confirmed that the electron transfer between Hb and the electrode was a surface-controlled quasi-reversible process [21] . The average surface concentration (Γ*) of electroactive Hb on the Nafion/Hb/TiNFs/CILE was estimated with the equation of Q = nAFΓ* [22] and the value was calculated as 2.66×10 -9 mol/cm 2 , indicated that 17.97% Hb of the total amount was involved into the redox reaction on the electrode interface. The linear equations between Epa and Epc with lnʋ were calculated as Epa (V) = 0.039·lnʋ (V/s) -0.085 (n = 6, γ = 0.998) and Epc (V) = -0.048·lnʋ (V/s) -0.23 (n = 6, γ = 0.999). Therefore, the electrochemical parameters including electron transfer number (n), electron transfer coefficient (α) and electron transfer rate constants (ks) were obtained by using Laviron's model [23] with the values as 1.19, 0.45 and 1.19 s -1 , respectively.
The effect of pH on the redox behavior of Nafion/Hb/TiNFs/CILE was explored and Fig. 3D displayed the cyclic voltammograms in different pH PBS. A couple of redox peaks appeared in the pH range from 3.0 to 8.0 with the formal peak potential (E°′) shifted negatively, demonstrating that the redox reaction of heme Fe(III)/(II) had proton. The E°′ had a linear relationship with pH and the regression equation was E°′ (V) = -0.049·pH + 0.024 (n = 6, γ = 0.991). This slope value (49 mV/pH) was a little smaller than the slope of the standard Nernst equation (59 mV/pH), which was ascribed to the influence of the protonation of the amino acids and the water molecules under acidic conditions, especially in the heme protein environment [24] . Therefore, the redox reaction could be represented as: heme Fe(III)+H + +e -↔heme Fe(II). The largest signal appeared at pH 3.0, which was used as the supporting electrolyte and could provide enough H + for the redox reaction.
Electrocatalysis
Due to the excellent mimic peroxidase enzymatic activity of Hb towards different substrates and the efficient electron transfer of the heme group on TiNFS/CILE [25] , the constructed biosensor was applied to the electrocatalytic reductions of H2O2, NaNO2 and TCA. The electrocatalytic activity of H2O2 was investigated with the curves shown in Fig. 4A . The addition of H2O2 into PBS (pH 3.0) resulted in a new reduction peak at -0.378 V and the reduction peak current increased continually with the oxidation peak disappeared, which was a typically electrocatalysis of H2O2. Nitrite can react with amines in foods during the cooking or digestion procedure, which may produce carcinogenic substance nitrosamines, hence high nitrite level is harmful for human health [27] . Considering the redox enzyme electroactive of Hb, Nafion/Hb/TiNFs/CILE was applied to the quantitative detection of NaNO2 with the results present in TCA can change the conformation of protein and is classified as a possible human carcinogen. Therefore, various of biosensors have been widely utilized for the sensing analysis of TCA. As shown in Fig. 4C , cyclic voltammetric curves of this Hb-based sensor for the catalytic reduction of TCA were recorded in the concentration range from 1.0 to 440.0 mmol/L. With the addition of TCA, Ipc (at the peak potential of -0.231 V) showed an obviously increase, which was ascribed to the reduction of heme Fe(Ⅲ) to heme Fe(Ⅱ). As the reaction continued, the oxidation peak was reduced until disappeared with the second reduction peak lacated at -0.492 V, which means the generated Fe(Ⅱ) was further involved in the stepwise electrocatalysis of TCA. The linear relationship of Ipc and TCA concentration was Ipc (μA) = 1.78 C (mmoL/L) + 61.71 (n = 10, γ = 0.993) with LOD as 0.33 mmol/L (3σ), which was smaller than some previously reported values (Table 2 ). In order to evaluate this enzymatic reaction, the regression equation of Iss with C was got as 1/Iss (μA) = 0.20 1/C (mmoL/L) + 0.0022 (n = 7, γ = 0.991) with KM app calculated as 90.91 mmol/L. In addition, the real sample (medical facial peel solution containing 35% TCA, purchased from Shanghai EKEAR Biotechnology Co.) was diluted by pH 3.0 PBS and tested by Nafion/Hb/TiNFs/CILE with the recovery got by the standard addition method. The analytical data were summarized in Table 3 , indicating satisfactory results. 
Reproducibility and stability
This biosensor was immersed in a pH 3.0 PBS containing 25.0 mmol/L H2O2 for 3-time detections with the recovery obtained as 99.76% to 100.20%, and the RSD was calculated as 0.23%, indicating a good reproducibility. When this Hb-based sensor was stored at 4°C refrigerator for 7 days, the current still remained 97.06% of the first value, demonstrating excellent stability and easy preservation.
CONCLUSION
In this paper, TiNFs was selected as support matrix for the immobilization of Hb to construct the third-generation electrochemical biosensor for the electrocatalysis of enzyme towards different substrates. Hb almost retained the native structure and bioactivity in the composite film of electrode. The investigation of electrochemical behaviors demonstrated a facile direct electrochemistry of Hb after modified with TiNFs. In addition, the integration of Hb and TiNFs showed higher catalytic reactivity to H2O2, NaNO2 and TCA. Real sample was also quantitative determined by this sensor with RSD as 1.2%. Therefore, TiNFs as a remarkable matrix for the efficient direct electron transfer and higher catalytic activity of proteins/enzymes were proved, which was benefited to study other titanate nanomaterials as the sensing substrates for the exploitation and design of bioelectrochemical devices.
